A series of five reassortant viruses each containing the VP4 gene of a distinct bovine rotavirus and the VP7 gene of human rotavirus strain ST3 was prepared, and antisera to these were produced in rabbits. In neutralization tests, these antisera allowed the differentiation of the five original strains (from three different VP7 or G serotypes) into three or possibly four VP4 or P serotypes. All of a further seven bovine rotavirus strains adapted to cell culture were successfully typed by these antisera. There was a degree of cross-reaction between antiserum to the fourth bovine rotavirus P serotype and the predominant human rotavirus serotype. However, antisera raised in guinea-pigs to recombinant VP4 from this serotype showed the bovine serotype to be distinct. There was no significant serological relationship between these four bovine rotavirus P serotypes and previously described P serotypes from rotaviruses isolated from man and non-bovine animals. The predominant bovine rotavirus VP7 serotypes G6 and G10 tended to have distinct P serotypes also.
Introduction
Rotaviruses are the major cause of diarrhoea in young calves throughout the world (Bellinzoni et al., 1989; Reynolds et al., 1986; Snodgrass et al., 1986) and of severe acute gastroentreitis in infants and young children . The development of effective vaccines requires an understanding of the major rotaviral antigenic components and their interaction with the host's immune system. The only effective and successful rotavirus vaccines developed to date are used in cattle and depend on passive immunization of the calf through vaccination of the pregnant cow (McNulty & Logan, 1987; Snodgrass, 1986) .
It has become clear that both rotaviral outer coat proteins, VP4 and VP7, can independently mediate active and passive immunity (Estes & Cohen, 1989; Hoshino et al., 1988; Offit et al., 1986; Snodgrass et al., 1984) , and that the most important determinants are neutralization epitopes of high variability between virus strains. These epitopes have been detected by crossneutralization tests, and serve to determine rotavirus serotypes on the basis of a 20-fold difference in two-way neutralization titres (Hoshino et al., 1984; Wyatt et al., 1982) . The VP7 or G serotypes are immunodominant, particularly with hyperimmune sera (Hoshino et al., 1984) , and a total of 14 G serotypes have been described to date . Bovine rotavirus isolates have been identified as VP7 serotypes G6, G10 and G8, with the first two predominating (Matsuda et al., 1990; Snodgrass et al., 1990; Taniguchi et al., 1991) . The genomic basis for serotype variation has been confirmed by sequence analysis of the gene segment encoding VP7 (Estes & Cohen, 1989) , and rotavirus serotypes can be predicted by hybridization and/or sequence data (Flores et al., 1989 (Flores et al., , 1990 Green et al., 1987; Gouvea et al., 1990) .
VP4 constitutes the viral spike protein, with an Mr of 85K to 88K, encoded by gene segment 4 (Estes & Cohen, 1989; Prasad et al., 1990) . In addition to determining the minor P serotypes, it is associated with a number of important biological functions. VP4 is the haemagglutinin in many viral strains and has been implicated as a virulence determinant. Proteolytic cleavage of VP4 into VP5* (60K) and VP8* (28K) results in enhancement of viral infectivity (Estes & Cohen, 1989) . The VP4 or P serotypes are, by contrast with the VP7 or G serotypes, poorly characterized, and no uniform system of nomenclature has been agreed. Estes & Cohen (1989) suggested nine serotypes (P1 to P9) on the basis of nucleic acid hybridization and sequence data. The validity of their typing proposal has since been largely confirmed by serological results, particularly for human rotaviruses.
Antisera to recombinant VP4s have been used to type human rotaviruses into three or four P types (Gorziglia et al., 1990) , and the occurrence of these same four P serotypes in human rotavirus strains is supported by Kobayashi et al. (1991) . As the proposed classification of Estes & Cohen (1989) has the added merit of incorporating human and other mammalian P types in the unified system, in common with the universally adopted VP7 numerical typing system (Hoshino et al., 1984) , this paper will adopt their classification where possible.
No systematic attempt has been made to type animal rotavirus VP4s. Sequence data suggest that each mammalian species may be associated with particular VP4 types (Lopez et al., 1991) . Bovine rotaviruses have been shown to possess three serologically distinct VP4s: P1 (for strain NCDV), P5 (for UK), and a so-far unclassified P serotype for G10 strains B223 and B-11 (Hardy et al., 1991; Huang et al., 1992; Kantharidis et al., 1988; Matsuda et al., 1990) . This paper describes a systematic attempt to type bovine rotavirus VP4s serologically by preparing viral reassortants containing a bovine virus VP4 gene and the G4 human rotavirus ST3 VP7 gene. Antisera prepared to these reassortants were then used to type bovine viruses. These were also compared with previously described human rotavirus P serotypes.
Methods
Virus reassortants. The bovine rotaviruses selected for reassortant preparation were UK and NCDV (serotype G6), 678 and J2538 (serotype G8), and B223 (serotype G10) . The human rotavirus partner for reassortants was ST3, an asymptomatic neonatal strain of serotype G4 (Midthun et al., 1986) . This virus is serologically distinct from known bovine rotaviruses, and many of the genome segments migrate at distinct speeds in SDS-PAGE. Parental viruses were plaque-purified three times before use. Viruses were propagated in MA104 cells as described previously . Trypsin-treated parental viruses were co-cultivated in relative concentrations which were varied depending on the vigour of growth of the strains. The ceils were grown under agarose overlays which on occasion contained various dilutions of either monoclonal or polyclonal antibodies specific to VP7 of the bovine parent. Where appropriate, initial reassortants were further cultivated with the bovine parent under antibody pressure to produce final reassortants that contained as many bovine virus genes, other than ST3 segment 9, as possible. Progeny viruses from plaques were cultivated in MA104 cells in roller tubes, and their dsRNA electropherotypes were examined by PAGE. The finally selected reassortant viruses were then plaque-to-plaquepurified three times. All reassortants contained gene segment 9 encoding VP7 from ST3, and eight to ten of the other gene segments were from the bovine parental virus, including in all cases gene segment 4 encoding VP4 (Fig. 1) .
Other virus strains. The P serotypes so far described were represented by: P1, NCDV (G6); P2, SAIl (G3); P3, RRV (G3); P4, DS-1 (G2); P5, UK (G6); P6, M37 (G1); P7, OSU (G5); P8, Wa and KU (both GI) and WI61 (G9); P9, K8 (G1). In addition, human rotavirus G8 strain 69M has been shown to have a unique VP4 sequence and may be considered representative of a new serotype, PI0 (Qian & Green, 1991) .
We also used other bovine rotaviruses previously adapted to cell culture: J 1224, C486 and WC3 (all G6), V 1005, E4046, K2399 and B-11 (all G10) (Brfissow et al., 1990; Carpio et al., 1981 ; Huang et al., 1992; Snodgrass et al., 1990) .
Antisera. Antisera to the reassortant and other rotaviruses were prepared in rabbits from a rotavirus-free colony (Browning et al., 1991b) . Each rabbit was confirmed to be free of rotavirus antibody before vaccination. Antisera prepared in guinea-pigs to human rotavirus VP4s expressed in baculoviruses were also used (Gorziglia et al., 1990) .
Serological assays. Neutralization tests for determination of serum antibody titres were microtitre fluorescent focus reduction tests, with endpoint titres determined as 60% reduction in foci .
PAGE. Viral dsRNA segments were separated on polyacrylamide gels and visualized by silver staining (Herring et al., 1982) . This was used to check the integrity of all stock cultures with original faecal or source material, as well as to differentiate the parental origin of reassortant segments.
Results

Production of reassortant viruses
The reassortant rotaviruses chosen to represent each parental bovine VP4 contained as many bovine virus genes as possible, with only gene segment 9 of ST3 origin in three viruses (UK x ST3, 678 x ST3 and J2538 x ST3), gene segments 7 and 9 of ST3 origin in one virus (NCDV x ST3) and gene segments 5, 9 and 11 of ST3 origin in one virus (B223 x ST3) ( Fig. 1) . Reassortant virus 678 x ST3 consistently possessed an additional genome segment between segments 5 and 6, even after three cycles of plaque picking. This may have been an example of genome rearrangement as detected after passage at high m.o.i. (Hundley et al., 1985) .
Reactions of antisera with parental bovine viruses
The one human and five bovine rotaviruses used to prepare reassortants were clearly differentiated in crossneutralization tests into serotype G4 (ST3), serotype G6 (UK and NCDV), serotype G8 (678 and J2538) and serotype G10 (B223) on the basis of greater than 20-fold differences in two-way cross-neutralization tests (Table  1 ). The only exceptions were antisera to J2538 and UK viruses which detected only a 16-fold difference in titre between homologous viruses and NCDV and ST3, respectively, although the reciprocal crosses clearly differentiated the viruses.
Antisera to each of the five reassortants reacted to similar high titres (~< fourfold variation) with all other reassortant viruses and with ST3, as would be expected 7-7-7-~ 7. from the common ST3 VP7 in all these viruses (data not shown). These antisera to the reassortants reacted with the respective parental bovine viruses at titres four-to 16-fold lower than with the homologous reassortant virus (data not shown). Antisera to the reassortants did, however, discriminate between parental bovine viruses ( Table 2 ). Antiserum to U K x ST3 neutralized U K virus at a titre of 1280, and had a titre of <~40 to all other viruses; antiserum to B223 x ST3 also clearly differentiated B223 from all other viruses. There was complete reciprocal cross-neutralization between N C D V and J2538 viruses and antisera to their respective reassortants. However, the results with antiserum to 678 x ST3 virus were less unambiguous, as this antiserum reacted with 678, U K and B223 viruses.
These results suggested the identification of three or possibly four distinct P serotypes among bovine rotaviruses, one represented by U K , one represented by B223, one shared by N C D V and J2538, and that of 678 about which further information was required.
Reactions with culture-adapted bovine viruses
A total of seven other bovine viruses adapted to cell culture was available for testing. Neutralization with the reassortant antisera resulted in each virus reacting with only one antiserum within twofold variation from homologous titre, with > 16-fold lower titre with all other antisera (Table 3) . The exceptions to this were the two viruses (J1224 and C486) that reacted with both N C D V and J2538 reassortant antisera confirming the Table 2 , which indicated these viruses shared a common P serotype. Two G6 viruses were NCDV-like, three G10 viruses were B223-1ike, and two viruses with 678-1ike VP4s belonged to G6 and G10, respectively. No viruses with UK-like P serotypes were detected. The specific reactions without cross-reactivity that WC3 and V1005 showed with the 678 × ST3 antiserum support the distinction of the fourth bovine 678-1ike P serotype.
Reactions with non-bovine rotaviruses of known P serotypes
Representatives of non-bovine serotypes P2 to P4 and P6 to P10 (Estes & Cohen, 1989) were also tested with these reassortant antisera (Table 3 ). There was no reaction between sera that react with UK and B223 VP4s and viruses of any other P serotype. The neutralization observed between our two NCDV-specific VP4 antisera and non-bovine viruses is either known not to be substantiated by hybridization and sequence data in the case of RRV and 69M (Mackow et al., 1988; Qian & Green, 1991 ; Nishikawa et al., 1988) , or, in the case of * Results are expressed as the magnitude of difference from antiserum titre with parental virus, i.e. 1, titre equal to or greater than with VP4 parental virus; 2, titre twofold less than with VP4 parental virus; 4, titre fourfold less than with VP4 parental virus; 8, titre eightfold less than with VP4 parental virus; 16, titre 16-fold less than with VP4 parental virus; -, titre > 16-fold less than with VP4 parental virus. UK (G6) < 10 < 10 < 10 NCDV (G6) < 10 < 10 40 J1224 (G6) < 10 < 10 160 C486 (G6) < 10 < 10 40 WC3 (G6) < 10 < 10 < 10 678 (G8) < 10 < 10 20 J2538 (G8) < 10 < 10 20 B223 (GI0) < 10 < 10 10 V1005 (G10) < 10 < 10 10 E4046 (G10) < 10 < 10 < 10 K2399 (G10) < 10 < 10 < 10 B-11 (G10) <10 < 10 < 10
SAll, probably indicates that our strain is SAI 1 FEM which is known to be contaminated with an NCDV-like VP4 (Nishikawa et al., 1988) . However, several nonbovine viruses were neutralized by the 678 x ST3 antiserum.
Reactions with guinea-pig antisera to recombinant VP4s
The apparent cross-reaction of human rotaviruses with antiserum to the VP4 of bovine rotavirus 678 merited further study. Antisera produced in guinea-pigs to VP4s from human rotaviruses DS-1 (P4), 1076 (P6) and KU (P8) expressed in recombinant baculoviruses showed considerable cross-reactivity between the human P serotypes as was found by Gorziglia et al. (1990) . The antisera to DS-1 and 1076 did not neutralize any bovine virus (Table 4 ). The antiserum to KU had neutralization titres to the three viruses in the possible 678 serotype (678, WC3 and V1005) of magnitudes at least 256-fold lower than the homologous titre. This supports the possible existence of the 678 VP4 serotype as novel and distinct from all previously described VP4 types.
Discussion
Preparation of this series of reassortant rotaviruses containing the VP7 gene (segment 9) of human ST3 virus with eight to ten segments including the VP4 gene (segment 4) of five distinct bovine rotavirus strains proved successful. Attempts to make reassortants with a sixth bovine rotavirus, strain V1005 (Briissow et al., 1990) , were not fruitful, although the VP4 of this virus was later typed using the reagents generated. The viral reassortants and antisera used in this study allowed very clear distinctions to be made between VP4 serotypes, with a > 20-fold difference in titre as the norm as was suggested originally for rotavirus serotype differentiation (Wyatt et al., 1982) . Only the reactions with the 678 x ST3 antiserum were less unambiguous. This contrasts favourably with the use of guinea-pig antisera to VP4s expressed in recombinant baculoviruses, where only four-to 16-fold differences in titre between proposed P serotypes were obtained (Gorziglia et al., 1990) . It has been pointed out that the recipient genetic background onto which the genes of a donor rotavirus are reassorted can affect the phenotypes conferred by the presence of the donor segments (Chen et al., 1989; Ramig & Ward, 1991) . However, the fact that the VP7 gene segments for all these reassortants were identical probably served to minimize the risk of aberrant results from this source.
The results in Table 2 showed the ability of most of the rabbit antisera to these reassortants to discriminate between the parental bovine viruses. A strong two-way cross-reaction between NCDV and J2538 viruses and antisera to their reassortants suggested that these viruses contained closely related VP4s, a conclusion which was supported by all subsequent results. Viruses UK and B223 also clearly contained second and third bovine rotavirus VP4 serotypes.
When these antisera were tested with a further seven cell culture-adapted bovine viruses, their discriminating powers were confirmed, as shown in Table 3 . With these assays there was no ambiguity with the 678 typing.
It was then of interest to test our antisera to bovine reassortant virus VP4s with other non-bovine viruses of known P serotypes (Table 3) . Three bovine serotypes were distinct from all non-bovine viruses, but again the 678 × ST3 antiserum gave ambiguous results, showing cross-reactions with human rotaviruses of P4 and P8 serotypes. However, the use of antisera to recombinant VP4s (Gorziglia et al., 1990) showed the distinctiveness of all the bovine VP4 types, including 678-1ike VP4s.
The concept of using rotaviruses of animal origin as oral vaccines against human rotavirus infection has been much discussed . In particular, the two bovine viruses NCDV and WC3 have progressed as far as trials in human infants (Vesikari et al., 1983; Bernstein et al., 1990) . It is now clear that neither of these viruses shares the major neutralizing epitopes on either VP4 or VP7 with the commonly occurring human rotaviruses; both bovine viruses belong to VP7 serotype G6, and to P serotypes P1 and P12, respectively. The lack of shared VP4, which often causes cross-reactions between dominant G serotypes, reduces the likelihood of efficacy of these bovine viruses as potential vaccines in humans.
To provide consistency of terminology in VP4 typing, we propose to adopt and extend the numerical system proposed by Estes & Cohen (1989) . Thus, the distinctiveness of NCDV (P1) and UK (P5) is confirmed. It would be logical to assign B223 to P11, and tentatively to assign 678 to P12, and this classification has been used in the tables in this paper. However, it is important to agree on a single numbering system, as Gorziglia et al. (1990) and Kobayashi et al. (1991) have recently utilized P serotype classification different from that of Estes & Cohen (1989) and different from each other.
The distinctions of bovine VP4s made in this study are generally in agreement with earlier studies. It has been recognized that NCDV and UK viruses have distinct VP4s (Kantharidis et al., 1988; Lopez et al., 1991; Matsuda et al., 1990) and that C486 and NCDV gene 4 sequences are similar (Lopez et al., 1991) . We have previously detected reaction by RNA-RNA hybridization between a probe prepared from gene 4 of UK virus and 678 Redmond et aL, 1992) .
Another member of the putative 678 VP4 serotype, virus VI005, has also shown low-level serological crossreaction with UK VP4, and the VPS*s of these viruses were identical by peptide mapping (Briissow et al., 1990) . These findings were not confirmed in the present serological study, where the balance of serological evidence suggested but did not confirm that 678, V1005 and WC3 possessed a distinctive VP4 serotype. Although the primary definition of any serotype must be based on serological reactions, confirmation of the classification of the VP4s of 678 and related viruses must await sequence data.
We have only limited information so far on the relative prevalence of bovine rotavirus VP4 types from our small collection of 12 cell culture-adapted strains. However, it is of interest that three of the five G6 viruses belonged to serotype P1, and four of the five G 10 viruses belonged to serotype P11. Thus, the two commonest VP7 serotypes, G6 and G 10, may usually be associated with distinct VP4 types.
The serotype G8 viruses, isolated so far only from man (Albert et al., 1987; Gerna et al., 1990; Matsuno et al., 1985) and cattle Taniguchi et al., 1991) , present an intriguing group. Neither human nor bovine G8 rotaviruses are closely related to the typical genogroups of rotaviruses isolated from those species and it has been suggested that they may have arisen by genome reassortment between human and bovine viruses (Browning et al., 1992; Taniguchi et al., 1991) . Our results show that one of our bovine G8 viruses (J2538) possessed a typical bovine VP4 type P1, as may also be the case with the Thai bovine isolate A5 . However, our other bovine G8 isolate, virus 678, apparently possessed a distinctive VP4 of type P12. Both these P types are different from that of human G8 virus 69M, and from any other human rotavirus so far described.
The results reported here also emphasize the marked manner in which the VP7 neutralizing response dominates that to VP4 . For example, NCDV virus of VP7 serotype G6 appears nearly identical to G6 virus UK and dissimilar to G8 virus J2538 in cross-neutralization tests (Table 1) ; the relationship is reversed when the VP7 effect is removed with antisera to the reassortants, with NCDV appearing very similar to J2538 and quite distinct from UK (Table 2 ). In addition, the antisera to the reassortants reacted with each parental bovine virus (VP4 reaction only) at titres four-to 16-fold lower than to the respective reassortant virus (both VP4 and VP7 reactions), reinforcing the evidence of the relatively minor role of the VP4. Similarly, dominant VP7 reactions with other reassortants have also been described recently (Matsuda et al., 1990) .
This study has built on recent work by other authors in typing bovine rotavirus VP4s (Hardy et al., 1991; Matsuda et al., 1990) . The serological information will be necessary to analyse and interpret subsequent sequence studies.
